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The fundamental equation of xeray diffraction, A « 24 sin 9 , inticates 
that for monochromatic radiation the scattering angle varies inversely with 
the lattice spacing, The order parameter usually associated with Bragg's 
law is included in d, In ordinary erystale the lattice spacing is the sam 
order of mgnitule as the wavelength of x«radiation and the scattering occurs 
through the angular region 0 to 90°, However, in the study of structures 
whose spacings are of the order of tens or Imndreds of interatomic distances, 
the seattering angles will be quite smell, Although this small angle scatter. 
ing was observed and studied as carly as 1925 (5), 2¢ was not until 1939 that 
Guinier (3) presented a theory which satisfactorily explained the observations, 

When en xeray beam impinges upon a material of constant electron density 
the electric field intensity is given by: 
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vhere F, is the electric field intensity of the incident bean, is the 
electron density, \ is the wavelength of the incident x-ray beam, = is a 
unit vector in the direction of the seattered beam, S. is a unit vector in 
the direction of the incident bean, + is the distance betwen two seattern 
ing eentera, and 4v is an clement of volum of the seattering material, 
Tt is the intensity of the scattered team that is observed and this is 
proportional to the square of the electric field intensity, To obtein the 
intensity as a function of the soattering angle, equation (1) mst be inte-~ 
grated over the volum of the particle which diffracts the x-ray beam, In 
the case of a spherical particle or a thin circular dise the solution of the 
integral. in equation (1) involves a Boesel fimetion, The Boseol function 


varies with the same frequency as the exponential under the integrel, es 

Any exponential of the forn e2*”’ , where » 1s an integer, oscillates 
with a period of 27, If the solution of the integral in equation (2) 
varies with the same poriod the condition mst follow that 


The integer, 1, can be taken as one 90 that 


A = ($-5.)-F 
Tf 2 6 is the seattering angle, then the magnitude of (5-<.) is 2 singe and 


AN =2anr 6 crnOr 
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where ~ is the angle betwen (s-s5,) and, For small angles ain Oo can be 
replaced by O and equation (2) can be written as 
Xr 
Thus, the scattering angle varies invercely with the radius of the particle, 
If the radius of the particle is mich laxgor than the wavelength of the inoi« 
Gent radiation, the seattering angle will be amill, If the particle is too 
large, however, the angle will be so amall that the seattered radiation will 
be indistinguishable from the unscattered bean, On the other hand, if the 
particle is too aml, the scattering angle wil) be large but the intensity 
will be spread out over such a large region that it would be hard to detect, 
Therefore, particles of a limited size range can be studied by small angle 


seattoring, This sise range extends fran 50 to 1000 f for the radit of the 
particles, 

Sines the electric intenaity is often an oscillating function, the 
intensity will vary and the intensity seattered from a particle of constant 
electron density will be a series of maxima within a few degrees of the inci- 
dent beam, This same pattern will be observed if the beam is incident upon 
a group of particles of constant size and shape, The position of the various 
maxima can be used to determine the size of the particles, Most often the 
particles are not of constant sizo and the scattered intensity will no long- 
er be a series of maxima ani minima but rather a continuous scattering. In 
these cases it is the shape of the central maximm that gives the most 
information about the particle size. 

For the case of syherical particles equation (1) lms been solved giving 
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where k = Yo gin 2 ana 8 4s the average radius of the particles, This 
equation cannot be easily solved for R and so an approximate solution must 
be used, The best appreximation was found to te a Gaussian function of the 
forms 
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By matehing the areas under the Gaussian curve ani the curve of equation (3) 
the value of X was found to be 0,221, In I can be plotted as a function 


of k* and the radius R can then be famé from tho slope of this curv, 

The purpose of this work was to find a mothod of determining the size 
paramters of non-sphericel particles, 

A good example of a non-aphorieal particle is kaclinite, a common soi] 
clay mincral, The kaolinite particle is a pseudo hexagonal plate, FElec- 
trom micrographs of the particles are show in Plate I, 


THEORY 
General Considerations 


The problem of determining the sige paramoters of non-spherical 
particles can beet be attacked by first orienting the particles so that 
the axes of symmetry of each particle are in the sam Grection, The inci- 
Gent beam then sees each particle in the seme orientation, The scattered 
intensity will depend not only upon the size and shape of the particles, 
but also upon their orientation with respect to the beam, By placing 
appropriate limits on the integral in equation (1), the scattered electric 
field intensity can be found as a function of size, shape and orientation, 
Tf the particles are not symmetric, they my be orfented with respect to 
the beam in three waye and three intensity equations can be found, Each 
equation vill, in genoral, be a fumetion of ali three dimensions, 

Rquation (1) can be simplified by clisinating the vector relations in 
the exponential, The dot product can be expanded as 


Pe =p fe* (SF SF) yg (12) 


EXPLANATIGN OF PLATS I 


Electron micrographs of kaolinite particles enlarged 30,600 times, 


TE I 


The dot products can be written in terms of scalar quantities giving 


rLes(5 7) - Cos (5,7)] 


E=Pl{ee hy (2b) 
einoo the magnitude of Z and ¢, 49 unity, 

The electric field 19 given here in electron units, This is fomd by 
dividing the actual electric field intensity by “©. where /. is the 
anplitate of the incident electric field, ¢ ani ~» ave the charge and mss 
of the clectsen, resyectiviy, ¢ is the wlocity of Mdght, and * 4a the 
sample to detector distance, 

With no loss of generality the direction of tho incident beam, % , 
can be taken as the x exis and the scattering angle, 2.6 can fe in the 
x,y Mlane as shou 4n Plate TI, Fig, 1, The cosine toms can then be x 


panded into rectangular coordinates, 


Cos ($o,r) ae ee 


Cos ($,r) = Cos ($x) Cos tr, x) + Cos(EY) Cor (my) *€ Cos (8,2) Cos (4 2) 


since the cosine of the angle between any two lines in space is the oum of 
the products of the respective direction cosines, This equation further 


reduces to 


cos (Fr) = X cos gag eS aen 20 
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x (tos 26-1) + Youz2E 


Fig. 1, 
Fige 20 


Fige 4. 


EXPLANATION OF PLATS If 


Seattering from two scattering centers, 
Scattering with bean ineddent perpendicular to 
plane of particle, | 
Scattering with ineident bean parallel to plane 
of particle, scattered beam perpendicular to 
rilane of particle, 

Seattering with incident beam parallel to plane 
of particle, seatterod bean parallel to plane of 
particle. 


PLATE II 


Fig. 1 Fig. 2 


Fig. 3 Fig. 4 
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Writing dv= Uxdy fz 4 the cleotrie Meld become 
J =P [[feP tiasze -) +¥ an 2614 4 

By making the substitution 

Kis Em om 20 

kl = oO (cos 26-!) 
the electric Meld intensity is further simplified: 

ck" pie: 
E=pf{(fe**  bnky de (4) 


This is a general equation with the only restriction being that the olectron 
density be constant over the region of integration, 


Seattering from Infinitiemlly Thin Cireular Dise 


The solutions of the three intensity equations are given in Plate ITI 
along with the intensity for the case of randanily oriented particles, To 
show how these were obtained equation (4) will be solwed for the case of the 
beam strilding the dise perpendicular to the plane of the disc as shom in 
Plate ITI, Mig, 2, In this case x = 0 and equation (4) becoms 
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E-2p [ fei py ty 
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By simple integration 


(5) 
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EXPLANATION OF PLATE III 


Table showing intensity as a fimetion of radius and 
thickness of particle and seattering engle for various 
orientations of the particles with respect to the incident 
beam, In these equations n is the mmber of clectrons pr 
unit volum, J is a Bessel fimetion, R and T are the radii 
ami thickness of the particles, respectively, 2 9 is the 
genttering angle, and \ 4s the wavelength of the incident 
Xeray beanie 


ORIENTATION 


RANDOM 


BEAM 1 PLATE 


BEAM Il PLATE 
SCATTERING || PLATE 


BEAM Il PLATE 


SCATTERING L PLATE 


n= no. of electrons /particle 
R= radius of discs 


T = thickness 
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PLATE III 


INTENSITY OF SCATTERING FROM FLAT DISCS 


INFINITESIMALLY THIN FINITE THICKNESS 
4n? di (K R) 
(KRP 
2 Ji (K'R) J(K'R) sinXk"1/2 
4 RP a KRE CTI 
ant JKR) art SAKR) 
(KR) (KR)* 
4nt JiK"R) ant JitK"R) sin®(K'T/2) 
mt (RF (KT 
K= 4a sind 
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K"s az (cos2e—1) 
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The solution of this integral can te found in Watson's Treatise on the 
Theory of Beseel Function. It is 


E-2p tt J, (k FR) (Sb) 


The electron density °= —7. where 14s the mmber of electrons por unit 
volume, Maling the substitution equation (Sa) becams 


We (kK 'R) (3e) 


Bot GM. Cig) 


Tp 
and T= In KR) (6) 


Again, the constant toms in the intensity have been dropped for atupilietty, 


The intensity equations for the other orientations are fomd in « sintlor 
mere, 


Scattering from Cireular Dise of Finite Thickness 


Tf the thickness 19 denoted by T, equation (4) becams, for the caso of 
the beam ineidont perpendicular to the particles 


R VRy* ie 
E=2 f iY, ee oe 
vs & dz ky fons a». (7) 
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The integral can be separated in this manner because the last part involves 

neither y nor sa, The double integral over y and s is exactly the sam as | 
the one which wis solved in the case of the infinitiamlly thin disc, Using | 
that result equation (5b) becomes 


He 
E=2, a4 J, (et) fro" ge 
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Bs 2p an J, (k'R) a | 


The quantity in the bracket is just 2 win (k" ond 


2 1h ‘ 3 “ 
= 2P Ki J, (k R) ha! %) 
Tn this case f is 2,8 Making this substitetion 


E= 2m J (KR) aen(k"%) 


Oe ‘7) (K“TA) 


end ZT = Yn J, (ke) aen lk" %) 
CV) URN Tad. 
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(8) 


The intensity equations for the other orientations are given in Plate 
TIT, Tt should te noted that with the bean striding the edge of the plate 
and the scattering angle in the plane parallel to the partiele as showm in 
Plate Tl, Miz, 4, the intensity is independent of the thickness of the 


particle, 


Methods of Approximation 


When the beam strikes a flat circular dise, such as a kaolinite 


particle, parallel to the plane of the particles and the scattered angle is 


in the seme plane, the intensity is given by 


¢ Ji~(KR) 

1% “(KR)* (9) 
and, since k 4s a function of the seattering angle, the intensity 19 
fumetion of both the particle radius and the scattering angle, ‘he intensity 
and scattering angle can be measured and R must be given as a function of 
these two variables if its valw is to be determined, Equation (9) cannot be 
easily solved to give R explicitly, so on appracimtion must be used, The 
best approximation has been found to be a Goussian function of the form 
e-S(KR! , % find the value of /S the areas under both curves are set 
equals 


oo 


-@ (kr) Tt 
e dikr) = # L (KR) £¢k R) 
J (KR} (20) 


The solution of the integral on the left side of equation (10) can be found 
in most tables of definite integrals and is eqm) to “ , The solution 
of the right aide of equation (10) 4s found in Weteon's Troatise on the 
Theory of Besge? Function, It is given as ~ , From these values ° was 
found to be 0,522, and ¢* is 0,272, With this substitution the intensity 
is epproximted by 

Ir - fe On42 cK” 
Taking the natural log of both sides 


Le LF GRIDER (22) 
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T¢ In T 4s plotted as a function of k*, a straight line will result for a 
uniform particle size with a slope of -0,272R7 from which R can be obtained, 
Tf there are particles of more than one sise present, several streight 
lines will be suremimposed, The tangent of the resulting curve can then 
be used to determine the range of Ry 

The thickness can be found in a eimtlar mamer, The intensity 4s 
approximated by 

_@xr+d*y*) 
Ll =e 


Tf the bean is incident perpendicular to the plane of the particle, x and y 


are given by 


dtr nr OCs oA 
x eee 


gent 


The values of b and d were found to be 0,273 and 0,368 respectively, Making 
these substitutions 


is 4g (L092 KR +O %ITr OYE 


Pe (12) 


17 


Taking the natural log of both sides 


Loo Tai (042 Rs 0.368T*O) O° 


or bu Te kegs tae 4 0.0727*o’) (23) 


If In I 4s plotted as a fimetion of k* the slope of the rogulting curve will 
be - (0.273R* +0.092T*O*> » The slope is o lincar function of © with 
a slope of 0,092T*, By plotting the slope of equation (13) as a function of 
O*, the thickness can be obtained independently of the radius, 


Refraction, Reflection Effects 


When an xray beam impinges upon a group of large particles, the small 
angle diffraction scattering occurs at such emall angles that the scattered 
intensity camot be detected, Some scattering fron larger particles has been 
observed, though (5), ‘This scattering was clearly not due to diffrection 
scattering ond was first explained by Von Nardroff (6) as due to refraction 
and total reflection of the x-ray beam by the particles, 

Sinee the index of refraction for xradiation is lees than one, an xray 
beam striking a medium will be bent away from the normal to the surface, If 
the bean inpinges upon a convex surface, such as a ophorieal particle, the 
beam will te bent away from the direction of the incident team, When the 
beam strikes the second surface, or emerges from the particles, it is bent 
even further in the same direction, Thus, a beam striking a particle with 
convex surfaces will be diverged, At some point on the ourface, the beam 
will te incident as such an angle with the norm! to the surface that it will 


be totally reflected, 

The scattering due to refraction and reflection has been used to 
determine the particle sizes of spherleal particles, Tho relations betweon 
refraction, reflection scattering and small angle diffraction scattering 
hag been presented by Dragedor? (2), 

The radius of a spherical particle as given by Von Nerdroff is 


6VDS*(4+Ly %) 
yd 
That: 


K = 
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where V is the specific volum of the sample, D the thickness of the sample, 
5 4s given by /—~ , where ~ te the index of refraction, - is the slope 
of tho In I vs, X* curve, and 1. is the width of the undeviated bean at 
half the mextuas intensity, 


EXPERIMENTAL APPARATUS 


The experimental apparatus consisted primarily of an xray machine, a 
system of collimating slits, and a scattering chamber, Mim was uscd as a 
Getector and the scattering pictures were analyzed with a microdensitemter, 

A copper targot xray tube was used, The beam wis monochromtised 
with @ michel filter so that mdiation of « narrow band of wavelength, 
around 1,54 2, passed into the camera, 


Collimation Geomtry 


The study of small angle x-ray scattering requires a beam of very amall 
eross section and divergence, Since the scattering is through angles of 
less than three degrees, a beam of large cross section or divergence would 
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obseure most of the scattering, When slit collimetion ie used, this 
results in a beam of low intensity, It is essential then that the best 
gsomtrical conditions be obtained, 

Two @lits will define a beam tut there may be som scattering by one 
or both of these clits, This is due to fluorescent scattering by the slit 
edges, It can be eliminated by placing « third slit betwen the second 
elit end the sample, The odges of the third elit chould closely approach 
but not touch the primary beam, The primary beam will have a width, b, as 
determined by the first two slits, at the plane of the film, Although the 
soattering by the alit edges covers a large area, the thin! slit guards all 
but a mall area of width, a, The width a is, of course, larger then b and 
the geometry is usually such that o is ot least twiee b, The collimtion 
geomtry depends upon the value chosen for b, The optimm value of b is 


fomd from the relation 


4 di me 


where A 4s the vavelongth of radiation employed, da ig the spacing of 
the largest structure to be studied, and s is the sample to film distance, 
Once these values have been chosen the conditions for optimm geometry have 
been given by Bolduan and Hear (1) as 


Ot = tae oP 
2+bp 1 = ay bee P 
sy 2 20S+E)L(a-b) b+ 2aplp iy ooeterbn 


(Aa-lb) b(b+2p) (2-6) (o+2p) 
vere p, r, and q are the widths of the first, second and thin slits, 
respectively, v is the distance botween the first two slits, w is the 
distance of the third slit fron the secon’, and t is the distance from the 


third slit to the sample, 

The total distance, v + w+ + ty was determined by the space 
available and v+w was determined by the length of the track on which 
the slits wore mounted, The width, p, of the first slit is determined 
by the size of the focal spot of the xeray tube, For the tube used the 
best value of p wma found to be 0,1 mm, ‘The other values used vere: b « 
0655 mms, @ = 2b ow 110m, V+ Ww w 30.5 om, ands +t « 42 om 
Using these values in the equation given above, the other dimensions were 
fomd tober «= 0,073 mn, qe O17 mm, Vv = 193 m,, andw « 112 m, 
The height of the beam in Bolduan end Bear's caleulation is arbitrary, The 
beam height in the apparatus used in this work we restricted to 5 m, at 
the sample, 


Slit Construction 


The apertures were made of lead plates approximately 2,5 x 3 ¢, and 
4o5 mm, thick, The edges which defined the beam wore bevelled and mounted 
with the sharp edge facing the x-ray tube, This was done to aliminate, as 
mach as possible, any reflection or diffraction by the slit edges, 

The first alit was mounted directly on the x-ray tube, ‘The width of 
the aperture was determined by brass shims placed between the lead plates, 
The lead plates were placed against the x-ray tube and held in place by a 
brass plate which was bolted to the tube, The trags plate hed a hole in it 
& little larger then the window of the x-ray tube so that the brass d4d not 
obstruct the beam, Alignment was checked vigually with a sinc gulfide 
gereen, The height of the slit was 2,8 m, 
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The second and third slite were identical in construction, The lead 
Pieces were clamped in holders which were so made that both lead pieces 
would be moved to adjust the width of the slit, [Each brass holder wes then 
Placed in another holder which was mounted on a track s0 that the position 
of each slit would be varied, 

After the first slit was in position, the second slit wad placed in 
position and adjusted to the proper width, This was done by closing each 
side of the slit until it touched the beam, A goiger counter placed in the 
path of the bean in@ieated when the lead touched the beam by a drop in the 
counting rate, The slit holder was then removed and the lead plates closed 
to the proper width under a microscope, To insure that the slit width would 
not change if the holder wore accidentally bumped, brass shims of the sam 
thickness as the slit width were placed between the lead plates at the outer 
edges so that they would not interfere with the beam, ‘The slit was placed 
in the beam again and the alignment was checked visually with the sine 
sulfide sereen, The geiger counter was also used in checking the alignrent 
and a final check was made photographically by exposing a film placed in the 
film holder in the seattering chamber, The height of both the second and 
third slits was 6 m, 

The sams procedure was then followed with the third slit, After it ws 
in place a brass fram was placed around the system and covered with lead, 
This contained al) the scattering which did not pass through the slits to 
eliminate extraneous scattering into the room, 

The height of the beam at the sample vas limited by a lead plate 
mounted on the sample holder, directly in front of the sample, The bean 
passed symmetrically through a hole in the lead plate, The hole ws 5 m, 


The seattering chamber was an evacuated brass cylinder 36 om, long 
and 10 em, in diameter, A one inch hole drilled in one onéd was covered 
with a sheet of nickel which served as a wintow for the xray bean and also 
es the monochromating filter, The nickel ws soldered to the brass to hold 
approximately a 30 micron vacwm, A track ws placed along tho bottom of 
the chamber to guide the beam step and film holder, A brass plate ws 
bolted to the reer of the chather with a plastic gasket botwoon the plate 
and chamber to hold the vacuum, The plate was easily removed and replaced 
to facilitate replacing the film holder, 

The chamber was supported by three adjustable screws which were in 
tum mounted on a three inch iron bax beam, 

The sample was located on the outside of the scattering chamber, just 
in front of the nickel window, A mounting on the front of the chanber, 
Just below the nickel window, held the sample holder, The sample could be 
changed easily without disturbing tho collimator or seattering chanber, 


Film Holder ani Bean Stop 


The fflm holder consisted of a clrevler brass plate covered on one side 
with Black velvet, The plete wes 9,7 om, in diameter, The film we placed 
on the volvet and e brass ring covered with aluzimm foil was placed over it 
and clamped to the brass plate, The brass ring fitted against the velvet 
making a light soal and the alwzimm foil served as a window for the xrays 
and as & light seal, A brass block was screwed to the lower edge of the 
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brass plate, A groove was mde in both the plate and the block so that 
the film holder could be placed on the track in the scattering chamber, A 
set screw was put in the brass Klock ao that it could be clamped to the 
track, 

(‘Tho bean stop was mate by bending a square piece of thin copper sheet 
around a wire to forma U, The copper U was sclldered to the wire and the 
U entirely filied with solder, This made a bean atop of width 1,5 mm, To 
hold the stop in place a brass ring similar to the one used for the cover 
late of the film holder was used, A brags block was attached to it so that 
it could te clamped to the track in the seattering chamber, ‘Two brass bare 
were bolted to the ring, They wore placed horizontally and had slote so 
that they could be moved in a horizontal direction, To these two bars vere 
belted two vertical bars, These were also slotted to provide vertical 
positioning, To the vertieal bars vas attached the beam stop, With thig 
arrangement the bean stop could be moved both horigontally and vertically, 

The best position for the beam stop ws found with the use of a gloger 
counter, Final adjustments were made after exposing several films to 
Getermtine the exact location of the bean stop with respect to the beam, 
These exposures ranged from several minutes to 48 hours, 


EXPERIMENTAL PROCEDURES 
Exposure and Analysis of Films 


Bastman Kodak Wo-Soreen x~ray film was cut into strips appracinately 
one by three inches, The lower right hand corner as seen from the x-ray 
‘tube was clipped to assure correct orientation when analyzed, The ftins 
wore all exposed for 48 hours and developed in frech Da19 developer for 


EXPLANATION OF PLATE IV 


Fig, 1. X-ray tube, collimating alits, ond scattering chamber, 

Fig. 2, Film holder and bean stop, 

Mige 3. The third alit and sample holder on front of 
seattering chambers 
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TE IV 


PLA 


1 


Fig. 


Fig. 3 


five minutes, They were thon hypood, washed and dried, 

Four seattering pictures and one background picture vere mde, The 
four scattering pictures consisted of one using a sample in which the clay 
particles were randonily oriented and three pletures using samiles in which 
the clay particles had a preferred orientation, For ome picture the 
particles were oriented so that the ineldent beam ws perpendicular to the 
flat particles, Two pictures were mde with the incident beam parallel to 
the particles, but with the scattering in a plano parallel to the particles 
for one and perpendiculer to the particles for the other, 

The seabtering pictures wore analyzed vith @ Leeda and Northrup micro- 
densitemter, The scamer traveled at a rate of 2 m/min, and the graph 
paper on which the density curve wag recorled traveled at a rate of 2 in/nin, 
The greph paper had a log seale in one direction and five Lines per inch in 
the other, Intensities were measured at every half line and the background 
subtracted to obtain the actual scattered intensity, 

A step exposure we made to check the linearity of the densitomter ond 
film for a given development time, All exposures were then taken in the 
linear region, that is, whore blackening 1s proportional to intensity, 


Calibration 


To caleulate the angle through which scattering occurred, 1 was 
necessary to determine exactly the distance from the sample to the film, 
The distance along the film from the center to the point at which the inten- 
sity is measured divided by the sample to film distance gives the tangent of 
the scattering angle, For eamill angles the tangent of on angle is appracd- 
mately equal to the angle expressed in radians, Tt was found that for three 


i a a a a 


27 


degrees or loss tho tangont and sine of an angle is equal to the angle to 
four significant figures, Since all the scattering was through angles of 
leas than three degrees, the tangent of tho angle was replaced by the 
angle. 

According to Brogg's law, \ @ 24 gin O, a crystal with a large 4 
spesing will produce diffraction lines at gmall angles, In this case 
ain © can be replaced by © ao that Bragg’s lew thon reads 


where D is the sample to film distance, s is the distance betwen the 
diffract$on Lines on both sides of the umdeviated beam, d is the spacing of 
the crystal, 2 6 is the scattering angle, and \ is the wavelength of the 
xeray bean, lead Caprate which has a spacing of 30,33 2, was used as a 
sample, A diffraction picture was obtained in the amall angle scattering 
apparatus, This was analyzed with a microdensitomter and the distance, s, 
wae found to be 171, lines on the graph paper. Using the value, 1.5418 8, 
for A the angle @ was ,05083 radians, The value of D was determined to 
be 1688,3 lines on the grayh paper, Since the distance, D, is used in 
caleulating the angle through which small engle seattering occurs, it wag 
left in units of lines, The distance from the center of the beam to the 
point at which the intensity was masured could be measured with mits of 
lines ond the angle could be calculated directly, 


The Drytranch, Georgia kaolinite clay sample was ground so that the 
particle would pass through a 100 mesh sleve, The clay was suspended in 
distilled water, The suspension was allowed to set for about Mive mimites 
to let the large particles and agglomerates settle out, The unsettled ous~ 
pension was then poured into a large flat bottemed dish and this wes allowd 
to settle for several days so the plate-like particles would settle in layers, 
Most of the water was then siphoned off and the rest removed by evaporation, 

Te test the sample for preferred orientation of the clay particles, 
powler patterna vere made using cobalt K ~-radiation, With the bean 
striking the sample perpendicular to the particles no preferred orientation 
was detected as was expocted, With the bean striking the sample parallel to 
tho pilene of the particles, definite orientation vas detected, The orlonta~ 
tion was not perfect, but ws atiafnetory for this work, The powler patterns 
are shom in Plate V, 

The sample for whieh the beam was incident parallel to the plane 
particles was mde by cutting a square pleco from the oriented clay sample 
and gluing it to a mtal plate in which a cirowlar hole had been cut. The 
samples for which the beam was incident paralle] to the plane of the parti~ 
cles were made by slicing the oriented clay sample and then stacking these 
alices one on tep of the other, They wore then glued to a holder similar to 
- the one used for the other sample, a mtal plate in which a ciroular hole 
had been cut, ‘Tho glue used was 2 per cont parlodian dissolved in amyl 
acetate, 

The samples wore not of optimm thickness due to the difficulty in 
preparing thom, The optimum thickness was calculated and found to be .26 m, 


EXPLANATION OF PLATE V 


Migs 1. Powler pattern of oriented sanple with bean 
incident perpendicular to the plane of the 
particles, 

Pige 2, Fowler pattern of oriented sample with bean 
incident parallel to the plane of the particles, 
Definite orientation of the particles is 
indicated, 


Fig. 1 


Fig, 2 
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The rendanily oriented sample was made this thickness by packing the clay 
powler into a hole in a plece of metal of this thickness, The camle for 
which the bean was incident perpendicular to the particles was .36 mm, thick 
and the sample for which the beam was ineldent parallel to the particles 
was 264 mm, thick, 


The scattering pictures are shom in Plate VI, These pletures wore 
analyzed with the recording microdensitomster, Fran the dencitomter 
curves, In I and k? were calowlated, They were plotted with k? es the 
absoisss and In I as the ortinate, The resulting curwe are shown in Plate 
VII, The equation of the curve associated with seattering in the plane 
parallel to tho plane of the particle, as inifeated by curve A, is indepen- 
dont of the thickness of the particle, The negative slope of this curve is 
given by equation (11) as 0,272 R* where R 4s expressed in Angstrom mits, 

The slopes were measured for two regions on the curve to got a range 
of values for R, The larger slope was 3130 82, and the amaller was 
1950 87, ‘Tho radius found using the larger slope ws 129%, The amor 
radius was 7¢ 2, 

As @ comparison, the range of particle sizes as indleated by the elec 
tron micrographs shown in Plate I woe measured, The particles ranged in 
Gtamster from 2900 8 to 10,000 2, A pooudo redid, then, varted from 1000 & 
to 5000 %, Tho masured thickness of the particles was about $00 2, 

The particle sizes found by amill angle diffraction scattering masure- 
mente are clearly too amll, The scattering angles for particles larger 
than 2000 % in dtanster should be very aml and 4¢ 4s most probable that 


EXPLANATION OF PLATS VI 
Scattering from oriented end rendom kaolinite particles 


Fig, 1. Particles randaly oriented, 

Fige 2, Bean incident perpendicular to plane of particles, 

Fig. 3, Beam incident parallel to plane of particles, 
seattering perpendicular to plane of particles, 

Pig. 4» Beam incident parallel to plane of particles, 
scattering parallel to plane of particles, 


PLATE VI 


Fig. 1 


Fig. 2 


Fig, 4 
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the scattered intensity would lie tn the area guarded by the beam stop, 
The thickness of the inclinite particles is of the correct order of 
magnitude for smi angle soattering and som seattering should be observed 
due to the aml] thickness of tho particles, However, the scattering is 
independent of the thickness when the goattering angle is in the plane of 
the particle, The conclusion was that the scattering in this case ws duo 
to refraction and total reflection, 

The sonttered intensity due to refraction and reflection fron sphorieal 
particles is given by Dragedorf (2) as 


I = ex — 
EC Ba Late EVP Sy «hy %)l 


woe 


where Wy is the width at half the mocimm intensity of the undeviated bean, 
V ig the specific volume of the sample, D is the thickness of the sample, 
and § is given by 1+, where ~ is the index of refraction, In this 
work, W_ was small end could be neglected, 

If In I 4s plotted as a function of k* the negative slope of the 
regulting curve will be given by 

AYR 

48a VIDS UhAth we) 
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The radius of the particle can then be found as a function of the slope: 
ee 43 x “fal z 
Roe Tt am VOSA + Dn Ys) (26) 


Using equation (16) a range of particle sizes vac found using the slopes 
obtained from the curve associated with seattering from the randomly 


oriented sample end from the curv associated with the oriented sample 
with the scattering in the plane of the particle, The two slopes 
obtained from curve D, the curve associated with the randon sample, wore 
2.30 82 ana 420 22, the redid Coma using these slopes were 1796 R for 
the larger slope and 235 2 for the amiller alopo, From curve A, the curve 
associated with seattering from particles oriented so that the scattering 
angie vas in tho plano of particle, the slopes, 2190 87 ana 1950 82, were 
found, The particle radii associated with those slopes were 1306 2 for 
the larger slopo and 555 2 for the amallor slops, 

The larger particle sizes as determimd by the refraction theory fell 
within the range of particles sizes imiicated by the electron micrographs, 
The amiller radii may be indicative of the thickness of the particles, 

Tt ig lilely that there is som diffraction seattering due to the 
thickness of the plate, This dimnsaion is of the correct order of magnitule 
for oat angle diffraction seattering to be observed in our apparatus, 
The refraction theory gives results more aearly that of the proper order 
of magnitude, The refracted beam fran the larger particles in the sample 
may have been seattered through angles too smill to be measured, This would 
explain why the largest radius obtained was that of the emiller particles 
present, This depends, of course, on the relative abundance of mall to 
large particles in our sazplle, 


CONCLUSIONS 


The refraction theory based on scattering from spherical particles 
explains ac well az one might hope the scattering from the dise-like 
kaolinite particles, It is possible that this refraction senttering theory 
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will give an indication of the thickness of the particles, although it is 
more likely that the scattering due to thickness will be explained by the 
aiffrection theory. | 

Tn a random orientation the scattering from the assumed circular 
plates should, on the average, be nearly the same as that from spherical 
particles having the sane radius as that of the dises, The refraction and 
reflection theory certainly has to be modified for any orientation of the 
particles, This is yet to be dem, 

The imovation of a field, efther gravitation, electric or magnetic 
to orient the particles for these studies is new, As has beon discussed, 
it is evident that three size paramters and thus a shape should result 


fo complete the problem of resolving the relation of small angle 
seattering to the aizes of the kaolinite particles, it would be helpfid 
to separate the clay particles into several size ranges, By centrifuging, 
the particles could be separated into four size groups. One group would 
consist of particles whose diameters are greater than 2 micros, The 
second group vould have diameters in the range 2 to 0,2 microns. The third 
group would have diameters of 0,2 to 0,08 microns, The fourth group would 
contain all the particles whose diemters are less than 0,08 microns, In 
making this separation the reletive concentration of the sample with respect 
to particle size will be determined, The thickness of these particles will 
be approximately constant, At least the thickness will not vary over the 
range that the radii do, 


If samples are prepared in the sam: manner as those used in this work 
and scattering pictures me and analysed, there will result 16 curves, 
From these curves it should be possible to determine how mch scattering 
ia due to the thickness of the particles and how mch is due to the radii, 
The scattering associated with the radii should vary with the four samples, 
but that due to the thickness should remain appracimately constant, This 
will also serve as a check of the interpretation mde on the scattering in 
this thesis, Work on this is undermy at the present tim, 
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The purpose of this work was to develop a mthod of measuring tho 
sizes end shapes of not-spherical. colloddalesized particles, To test 
the thoory developed, tho else parameters of the particles of a comon satl 
peoudo hexagonal plates, They wore appromimated as ecireular discs, 

\hen an xeray beam impinges upon a particle of constant electron | 
density, the beam 48 scattered through an angle hich depends upon the size, 
shape and orientation of partioles with respect to the incident beam, The 
scattering ongle for colloidal~sised particles is usually less than three 
degrees. 

The intensity of the scattered beam was theoretieally determined as a 
function of the particle size and scattering engle for various orientations 
of these thin pllate-like particles, These intensity equations were rather 
complicated and so vere approximted by Gaussian fimetions, The natural 
log of the intensity was plotted as a fimetion of the scattering angle, 
The slope of this curve was B°R* where B is a constant and R is the radius 
of the particles, é 

The samples were made by allowing a suspension of the kaolinite 
particles to settle in layers, Two samples were made from the oriented 
clay particles, Ome would allow the beam to strile the particles perpen~ 
Giewlar to the plane of the particles and the other vould allow the beam to 
bo incident parallel to the plane of the particles, With the latter two 
directions of scattering could be observed, Ono seattering direction would 
be paraliel the plane of the disc and the other perpendicular the plene of 
the disc, 


A copper target x-ray tube wis used, The beam was monochramated by 
use of a nickel filter, A three alit collimating system vas used, The 
detector used by Eastman NowScreen X-Ray film placed in an evacuated 
seattering chamber, 

The particle sises as determined experimentally using the equations 
developed for diffraction seattering from cirowlar dises did not agree with 
the values obtained fron the electron micrographs, It was found that 
diffraction scattering from particles of this size would fall within the 
area guamled by the beam stop. It was concluded that the scattering ob- 
served was due to refraction end total reflection of the x=ray beam by the 
particles, The values obtained using a theory based on refraction and 
reflection from spherical particles agreed more closely with the values 
obtained fram the elestron micrographs, A modification of the latter 
theory to oriented dise-shaped particles and extenied experimmtal work on 
various sise renges of these sam: particles is planned, 


